cated that the expression level of transgenic human tau postnatal development, but 4R tau isoforms increased after birth until 1 month of age, and this pattern was not was 5.5-fold higher than that of endogenous mouse tau in adult Tg mice. These T␣1-3RT Tg mice were crossbred different from that of WT mice (upper and middle panels in Figure 1E ). Transgenic human tau isoforms also inwith tau-KO mice to generate mice that expressed only human tau isoforms without endogenous mouse tau creased during postnatal development until 1 month old, but unlike endogenous mouse tau, a predominance of (Tg ϫ KO mice). Figure 1D shows the tau isoform composition in WT mice and Tg mice with (single Tg mice) and human 3R0N tau was not observed in early postnatal development (lower panel in Figure 1E ). without (Tg ϫ KO mice) endogenous mouse tau. The levels of human tau isoforms with no amino terminal insert (3R0N), one amino terminal insert (3R1N), and two Tg Mice Develop Glial Tau Inclusions Similar to Those in Human Tauopathies amino terminal inserts (3R2N) as percentages of total human tau were 7%, 12%, and 81%, respectively, in the The distribution of tau proteins was next examined in the T␣1-3RT Tg mice, and strong tau immunoreactivity brain, and 8%, 16%, and 76%, respectively, in the spinal cord, in both single Tg and Tg ϫ KO mice. The levels was detected in both neurons and glia. Most of the CNS neurons were immunostained to some extent with antiof mouse 4 MT binding repeat tau isoforms (4R0N, 4R1N, 4R2N) as percentages of total mouse tau were 57%, tau antibodies, and neuronal tau immunoreactivities were observed in the brain stem and spinal cord (Figures 19%, and 24%, respectively, in the brain, and 41%, 16%, and 43%, respectively, in the spinal cord, in WT and 2A and 2B). Although older Tg mice showed more intense neuronal tau staining than young mice, no tau single Tg mice. These data indicate that although the splicing patterns of tau isoforms in the brain and spinal aggregates in the form of perikaryal inclusions, spheroids, or dystrophic neurites were detected. Tau-positive cord are different, there are greater differences in the splicing of the amino-terminal inserts between the transglial cells with small cytoplasm and a few processes were observed in the white matter of the brain and more genic human tau and endogenous mouse tau. The data also suggest that the presence or absence of the transfrequently in the brain stem and gray and white matters of the spinal cord (Figures 2A, 2C , and 2D). These cells genic human tau does not influence the splicing of the endogenous mouse tau and that the splicing of human were morphologically identical to oligodendrocytes, and the colocalization of tau and 2Ј,3Ј-cyclic nucleotide 3Ј-tau in Tg mice is independent of the endogenous mouse tau. phosphodiesterase (CNP), a marker for oligodendrocytes, by double immunofluorescence staining conDevelopmental changes of human and mouse tau protein expression were also examined in T␣1-3RT Tg mice firmed their identity ( Figures 2E-2G ). At 1 month of age, approximately 10% of CNP-positive oligodendrocytes ( Figure 1E ). The isoform composition of endogenous mouse tau showed predominantly 3R0N tau in the early overexpressed tau proteins, and the number of tau- immunoreactive oligodendrocytes decreased with using antibodies against tau and S100 proteins ( Figures  2M-2P ). aging. Oligodendrocytic tau inclusions in young Tg mice were negative for both Thioflavin-S and Gallyas silver Dense accumulations of tau also were observed in the molecular layer of the cerebellum mostly in vertically stains, but they became positive for Gallyas silver impregnation in the brain stem of Tg mice by 24 months oriented radial glial fibers of molecular layer ( Figures 3A  and 3B ). This pattern of tau staining is consistent with (Figures 2H and 2I ). Since Gallyas silver staining detects abnormal filaments, this result indicates that the accuBergman astrocytes, since a remarkable increase in glial fibrillary acidic protein (GFAP) staining was detected in mulating tau proteins in oligodendrocytes progressively form aggregates that resemble coiled bodies in human radial and stellate-shaped astrocytes in the same area ( Figures 3C and 3D) . Further, triple immunofluorescence tauopathies such as CBD (compare Figure 2J with 2H and 2I). Intense tau accumulation was also found in the staining demonstrated that the tau-immunoreactive radial fibers were not detected by an antibody to the neudistal portion of the ventral roots ( Figures 2K and 2L) . The tau proteins were located in the cytoplasm of small rofilament (NF) low molecular weight subunit (NFL) but instead were derived from GFAP-positive astrocytes cells surrounding the axons, and they were shown to be Schwann cells by double immunofluorescence staining ( Figures 3E-3H ). These tau-positive astrocytic pro- Recapitulates PHF-Tau staining in each astrocytic process, however, showed
The formation of tau lesions in human tauopathies correa remarkable increase with age.
lates with aging and tau insolubility, and we demonSignificantly, the cerebellar molecular layer in Tg strated increased insolubility of tau proteins with aging mice Ͼ12 months of age also showed a plaque-like in the cerebellum and spinal cord of Tg mice (Figure pattern of tau immunoreactivities ( Figure 3I ) which con-4A). For example, the amounts of RIPA-and FA-soluble sisted of stippled tau inclusions. Immunohistochemical fractions as percentages of total tau in 3-week-old Tg analysis using adjacent sections demonstrated that the mice were 15% and less than 0.1%, respectively, but plaque-like lesions were not associated with NFL-posithey were increased to 22% and 1.3%, respectively, in tive neuronal processes but with GFAP-positive astro-18-month-old Tg mice. Although the neocortical samcytes ( Figures 3I-3L) . Furthermore, these tau inclusions ples showed slight increases in RIPA-soluble fractions in the Tg mice ( Figure 3I ) resembled astrocytic plaques with aging, human and mouse tau proteins were not in CBD ( Figure 3W) . Association of the plaque-like strucdetected in FA-soluble fractions. tures with astrocytes but not with neurons was also In addition, phosphorylated tau proteins were dedemonstrated by double and triple immunofluorescence tected in the FA-soluble fractions but not in the high studies. As shown in Figure 3M , tau-positive inclusions salt soluble and RIPA fractions, with different phosphorpartially colocalized with GFAP-positive astrocytic proylation-dependent anti-tau antibodies including PHF-1 cesses, while no colocalization of tau and NFL was (right panel in Figure 4B ), PHF-6, T3P, AT8, AT270, and found in the same lesion, but colocalization of tau and 12E8 (data not shown) and not by the non phosphoryla-GFAP was observed in the distal processes of astrotion dependent anti-tau antibody Tau1 (middle panel in cytes ( Figure 3N ). Significant similarities were evident Figure 4B ). Furthermore, the phosphorylation state of between the patterns of tau and GFAP within the plaquetau proteins in the FA-soluble fractions was similar to like lesions in Tg mice ( Figure 3N counted using cresyl violet-stained sections. As shown The bigenic mice without endogenous mouse tau proin Figure 5A , age-related reductions in neurons were teins that were generated by crossbreeding T␣1 Tg and more obvious in Tg mice than in WT mice, but significant tau-KO mice did not show significant differences in the difference between Tg and WT mice was observed only distribution of tau proteins from the single Tg mice (see in the oldest study group (18 months abnormal filaments in oligodendrocytes were observed in Tg mice Ն24 months, we speculate that the accumulation of tau in oligodendrocytes may lead to cell death even before the formation of abnormal filamentous aggregates. Figure 7E ). Similar to the tau filaments in oligodendrocyte processes, filaments in astrocytic processes were ‫02-51ف‬ nm in diamof age-related decrease (data not shown). Thus, it is eter. Most of the filaments observed in Tg mice were likely that astrocytes overexpressing human tau were straight and similar to those seen in the brains of a lost during aging.
Degeneration of Glia Cells and Disruption of Compact Myelin in Tg Mice
FTDP-17 patients with an intronic ϩ16 tau gene mutation In contrast to neurons, oligodendrocytes in Tg mice (compare Figure 7E with 7F). Old Tg mice also showed showed prominent reductions at earlier ages. As indidense tau inclusions in oligodendrocytes and astrocated in Figure 5C , total CNP-positive oligodendrocytes cytes. However, the filamentous tau accumulations in in the lumber spinal cord of Tg mice were significantly old Tg mice were less frequent than in 6-month-old Tg less than in WT mice at 6 months of age, and this loss mice, but more extensive glial degeneration was deof oligodendrocytes paralleled the loss of tau-immunotected. reactive oligodendrocytes with aging. Indeed, the difference in the number of total CNP-positive oligodendrocytes between 1-and 18-month-old Tg mice (40/section) Progressive Motor Weakness The Tg mice developed progressive motor weakness, was quite similar to the difference in the number of tauimmunoreactive oligodendrocytes seen in the same Tg including impaired ability to stand on a slanted surface and dystonic movement of the hindlimbs or both hindmice (35/section). This implies that the loss of oligodendrocytes in Tg mice resulted primarily from the loss limbs and forelimbs when lifted by their tails (Figure 8) .
At the age of 6 months, approximately 5% of WT and of tau-positive oligodendrocytes. Since Gallyas-positive The T␣1-3RT Tg mice were developed initially to drive The reasons for this are unclear, but it may be due to the deletion of intronic sequences that regulate alternative expression of all six tau isoforms in mice with the expectation of developing tau pathologies, since humans exsplicing or reflect differences in splicing mechanisms in the mouse and human tau genes. Indeed, the developpress all six tau isoforms, but mice express only 4RT isoforms, and only humans spontaneously develop tau ment of tau transgenic mice using a 100 kb YAC clone containing the entire tau gene showed that alternative lesions. Since some forms of FTDP-17 result from mutations that alter tau gene splicing and perturb the normal splicing of the tau gene in rodents and humans is quite different (M.H. et al., unpublished data). brain tau isoform composition, a second reason for creating the T␣1-3RT Tg mice was that we could examine However, it is unlikely that an imbalance of the tau isoform composition in our tau Tg mice is responsible the biological consequences of an abnormal ratio of tau isoform ratio in our single Tg mice as well as in T␣1-for the neurodegenerative tauopathy we observed for several reasons. First, Tg mice overexpressing a single 3RT ϫ tau-KO bigenic mice. Notably, the ratio of the an issue, since some oligodendrocytes but not others survived until the formation of argyrophilic inclusions. Indeed, most of the oligodendrocytes in the spinal cord died before they developed Gallyas-positive lesions, while those in brain stem showed only modest reductions and produced Gallyas-positive coiled body-like tau inclusions. Although the reasons for the divergence in glial survival under the influence of tau accumulations remain unclear at this time, they might be due to differences in human tau expression levels and/or selective vulnerability of oligodendrocytes in different CNS regions. Also, the temporal difference in the onset or completion of oligodendrocytic differentiation also contribute to variations in the accumulation of tau during the progressive maturation and aging of these cells.
. Transmission Electron Micrographs, Demonstrating Myelin Degeneration Associated with Glial Degeneration in the Spinal Cord and Ventral Roots of 25-Month-Old Tg Mice (A and B) Ventral root nerve fibers of the Tg (B) and age-matched WT control mice (A). Tg mice show profound reduction of myelin thickness, detachment of myelin layers from axons (arrows), and severe loss of compact myelin associated with migration of macrophages (arrowheads). (C) High-power photomicrograph of the area indicated by arrowhead in (B). A putative macrophage (m) containing large amount of myelin debris is in contact with a demyelinated axon (a). (D) High-power photomicrograph of the area indicated by arrowhead in (B). A putative macrophage (m) laden with myelin debris and crystal-like deposits (arrows) is closely associated with a Schwann cell (Sc). The myelin sheath surrounding an axon (a) shows reduced thickness. (E and F) Accumulations of numerous lipid vacuoles and myelin debris-containing bodies
In addition to the distinct glial pathologies, our Tg mice developed increased neuronal tau immunoreactivities in multiple CNS areas, including neocortex, hippocampus, brain stem, and spinal cord (see Table 1 , 2001b) , neuronal inclusions were not present in the T␣1-3RT Tg mice. In this regard, the somato-dendritic tau immunoreactivities in these mice resembled pretangles that were detected in Tg mice with low human tau expression in the absence of any clinical phenotype (Gö tz et al., 1995, Brion et al., 1999) . Thus, we conclude that the motor deficits and myelin degeneration observed in our Tg mice most likely are consequences of glial tau lesions and not neuronal tau accumulation.
Although cellular mechanisms of gliodegeneration as a consequence of tau accumulation still need to be clarified, our study suggests several pathogenic processes that may compromise the viability and functions of glial cells. For example, excess human tau proteins in Table 1 
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